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The predictions of the semiclassical description of particle creation based on QFT in classical
backgrounds may be significantly modified when the source of the classical background is also
quantized and backreaction is taken into account. In the cases of a stable charged particle, expanding
empty (Milne) universe, and de Sitter universe with a true cosmological constant, the semiclassical
particle creation is completely blocked up.
PACS numbers: 03.65.Sq, 04.62.+v
Quantum field theory (QFT) is an appropriate theo-
retical framework for describing particle creation and de-
struction. In such processes energy must be conserved,
implying that the creation of a new particle is allways ac-
companied by the destruction of an old particle or a tran-
sition of the old particle to a lower state. Such processes
are most successfully described in perturbative QFT in
terms of Feynman diagrams. Nevertheless, in some cases
the perturbative methods are not very efficient, forcing
us to use different types of approximations.
One such approximation widely used for description of
particle creation is the semiclassical approximation. In
such an approximation, only the new created particles
are described by QFT, while the role of the “old” parti-
cles is approximately described by a classical source field.
The best known examples of such a semiclassical descrip-
tion of particle creation are the Schwinger effect [1, 2, 3]
in which a classical static electric field causes production
of electron-positron pairs, the Hawking effect [3, 4, 5]
in which the classical gravitational field of a black hole
causes production of particles with a thermal distribu-
tion of energies, and particle creation caused by a time-
dependent classical gravitational field induced by the uni-
verse expansion [5, 6]. The best known specific example
of the latter is particle creation from a horizon of de Sitter
universe [7], which contains only a positive cosmological
constant, but not ordinary matter. The Schwinger and
Hawking effect are actually closely related [3]. An even
closer relation exists between Hawking effect and parti-
cle creation by de Sitter universe, as in both cases it is
the horizon that is responsible for particle creation with
a thermal distribution [8]. Another related effect is the
Unruh effect [5, 9], according to which a particle detector
accelerated in vacuum detects particles.
All these effects are usually treated in a fixed classical
background, thus violating conservation of energy. To
fix this problem, one has to study the backreaction of
created particles on the source. If the source (i.e., the
classical background) is still treated classically, one usu-
ally finds that the backreaction does not significantly in-
fluence the original particle creation with a fixed back-
ground. Nevertheless, the real source is allways a quan-
tum object, so, in general, we cannot be sure that the
semiclassical approximation is satisfying.
As a simple example, consider the Schwinger effect in
which the source of the electric field is a stable particle,
say a proton. According to the semiclassical analysis, the
static electric field should create electron-positron pairs.
(In the case of a proton the electric field is too weak to
provide a significant rate of production, but for the sake
of argument one may consider a hypothetic particle hav-
ing the same mass as proton, but a much larger charge
producing a much stronger electric field.) Energy conser-
vation implies that, after the pair creation, the energy of
the proton and its electric field must be smaller than that
in the initial state, which is impossible since the proton
is a stable particle. Consequently, in such a case there
can be no pair creation, so the semiclassical analysis fails
completely.
The purpose of this paper is to study in more detail
how, in general, the quantum treatment of the source
modifies the semiclassical treatment of particle creation.
Our analysis represents a further development and gen-
eralization of a recent analysis [10] introduced to study
Hawking radiation.
The most convenient method for a semiclassical de-
scription of particle creation by a classical source is the
Bogoliubov transformation. In general, one finds that
the initial vacuum |0〉 transforms to
|0〉 →
∑
e
∑
i
ce,i|e, i〉, (1)
where |e, i〉 are energy eigenstates with the energies e ≥ 0,
the label i labels different states having the same energy,
and ce,i are the semiclassical probability amplitudes for
particle creation, satisfying the normalization condition
∑
e
∑
i
|ce,i|2 = 1. (2)
The state |0, i〉 ≡ |0〉 is the unique vacuum, while states
|e, i〉 with e > 0 contain one or more particles.
Clearly, energy is not conserved in (1). To fix that
problem, we introduce the energy eigenstates |E, I > of
the source. Now in this fully quantized description of
particle creation, the initial state is not the vacuum, but
2a linear combination of these source energy eigenstates.
For simplicity, we assume that the initial state is some
energy eigenstate |E0, I0 >. Then the particle creation
can be described as a transition
|E0, I0> ⊗|0〉 →
∑
E
∑
I
∑
e
∑
i
D
(E0,I0)
E,I;e,i |E, I> ⊗|e, i〉,
(3)
where I = 1, . . . , NE , and NE is the number of states
with energy E. The transition of a more general ini-
tial state can be easily obtained from (3) by linearity of
quantum mechanics. Energy conservation implies that
the amplitude D
(E0,I0)
E,I;e,i must have the form
D
(E0,I0)
E,I;e,i = δE0,E+ede,I,i, (4)
where, for the sake on notational simplicity, the depen-
dence of de,I,i on E0, I0 is suppressed. Therefore, (3)
becomes
|E0, I0> ⊗|0〉 →
∑
I
∑
e
∑
i
de,I,i|E0−e, I> ⊗|e, i〉. (5)
Strictly speaking, we cannot conclude anything more
about the amplitude de,I,i without knowing the details
of the quantum theory of the source. Nevertheless, the
knowledge of the semiclassical approximation suggests
that (up to a phase) de,I,i should be approximately pro-
portional to the semiclassical amplitude ce,i. Namely, it
is reasonable to use the approximation
de,I,i =
eiϕe,I ce,i√N , (6)
where ϕe,I are some phases. The factor 1/
√N
is determined by the normalization condition∑
e
∑
I
∑
i |de,I,i|2 = 1. This leads to
N =
∑
e
∑
I
∑
i
|ce,i|2 =
∑
e
NE0−e
∑
i
|ce,i|2
=
∑
e
NE0−ePe = 〈N〉, (7)
where
Pe =
∑
i
|ce,i|2 (8)
is the semiclassical probability that the energy of created
particles is equal to e. The quantity 〈N〉 is the average
number of source states having the same energy, with the
average being defined with respect to the semiclassical
probability Pe. Defining
|E0 − e>≡
NE0−e∑
I=1
eiϕe,I√
NE0−e
|E0 − e, I >, (9)
(5) can be written as
|E0, I0> ⊗|0〉 →
∑
e
|E0 − e> ⊗
∑
i
√
NE0−e
N ce,i|e, i〉.
(10)
Now, to see the relation with the semiclassical result
(1), consider the case in which NE does not depend on
E, i.e., NE = 〈N〉. Now (10) reduces to
|E0, I0> ⊗|0〉 →
∑
e
|E0 − e> ⊗
∑
i
ce,i|e, i〉. (11)
Thus, the probability that the created particles will be
found in the state |e, i〉 is equal to |ce,i|2, which is the
same result as the one obtained from the semiclassical
description (1). Furthermore, if energy e is measured,
then (11) collapses to
|E0 − e> ⊗ 1√
Pe
∑
i
ce,i|e, i〉, (12)
where 1/
√
Pe is the appropriate normalization factor.
Similarly, the semiclassical theory based on (1) implies
the collapse to
1√
Pe
∑
i
ce,i|e, i〉, (13)
which is nothing but the particle-creation part of the
fully-quantized wave function (12). This shows that the
case NE = N restores the semiclassical result. From this
we conclude that the semiclassical approximation can be
trusted when the number of the relevant source states with
energy E does not significantly depend on E. This con-
dition is expected to be satisfied when the source is in
a highly excited state, with the energy E0 much larger
than typical energies e of created particles. Indeed, such
a highly excited state justifies the treatment of the source
as a classical object.
As an extreme deviation from the condition above, con-
sider the case NE0−e = 0 for e > 0. Then (10) implies
that the transition amplitude vanishes. In this case the
source with the initial energy E0 cannot jump to a lower
state simply because such a state does not exist. Conse-
quently, a particle with energy e cannot be created, de-
spite the fact that the semiclassical amplitude ce,i does
not vanish. Indeed, this is exactly why the electric field
of a stable charged particle discussed in the introduc-
tion cannot create electron-positron pairs, despite the
fact that it should create them according to the semi-
classical Schwinger effect.
Now we see that the semiclassical approximation (1)
cannot allways be trusted. However, the essential ef-
fects of quantization of the source can be caught with-
out knowing all the details of the fully quantized the-
ory. Namely, (10) shows that (1) can be improved by
replacing the semiclassical transition probability |ce,i|2
3by the improved semiclassical transition probability
(NE0−e/N )|ce,i|2. Hence, we can replace (1) by the im-
proved semiclassical approximation
|0〉 →
∑
e
∑
i
√
NE0−e
N ce,i|e, i〉. (14)
We see that it is a very useful approximation, because it
requires a minimal knowledge on the quantum structure
of the source. All we have to know is the number NE of
states with energy E. We have written all the expressions
for the discrete spectrum of energies, but it is obvious
how to modify them for the (perhaps more interesting)
case of continuous energy spectrum.
Now let us discuss various examples. We start with
the Schwinger effect. This effect has been confirmed ex-
perimentally by experiments involving electric fields pro-
duced by heavy ions [11]. A nucleus of a heavy ion, of
course, can decay into a large number of lower energy
states, which explains why the semiclassical approxima-
tion is justified in this case. If, however, the source of the
same electric field was a stable elementary particle (the
Standard Model of elementary particles does not contain
such a particle, but this is not relevant for our theoret-
ical argument), our analysis shows that in this case the
Schwinger effect would be completely blocked up.
Perhaps the most interesting example is Hawking radi-
ation from a black hole (BH). This case is studied in more
detail in [10]. It is shown how the fact that the number
of quantum BH states decreases as the BH mass M de-
creases (due to the evaporation) resolves the famous BH
information puzzle, making complete evaporation con-
sistent with unitarity. We also note that, although the
semiclassical Hawking temperature T = 1/8piM is infi-
nite for M = 0, Hawking radiation stops when the BH
mass drops to M = 0, simply because lower-energy BH
states do not exist.
Next we consider the Unruh effect. The energy source
is provided by the external force that accelerates the de-
tector [12], which effectively means that the source can
be viewed as always being in the same state. Conse-
quently, our analysis does not modify the semiclassical
result. Nevertheless, we stress that physical details speci-
fying a realistic quantum detector may significantly mod-
ify the semiclassical result [13].
Now let us consider particle creation by the universe
expansion. At the semiclassical level, the metric must
satisfy the semiclassical Einstein equation
Gµν = 8pi[T
bulk
µν + 〈ψ|Tˆ creatµν |ψ〉], (15)
where Gµν is the classical Einstein tensor, T
bulk
µν is the
energy-momentum of the bulk matter described classi-
cally, 〈ψ|Tˆ creatµν |ψ〉 is the average energy-momentum of
created particles described quantum mechanically, and
the Newton gravitational constant is set to 1. If the
particle creation takes place, then the last term is not
conserved, i.e.,
∇µ〈ψ|Tˆ creatµν |ψ〉 6= 0. (16)
Then the Bianchy identity ∇µGµν = 0 and the Einstein
equation (15) imply
∇µT bulkµν 6= 0. (17)
In other words, the only possible source of energy for
particle creation is the bulk matter. Indeed, this is anal-
ogous to the energy source responsible for Hawking ra-
diation. However, if the initial universe does not contain
bulk matter, i.e., if its initial state is the vacuum state,
then a bulk-matter state with an even lower energy does
not exist. Consequently, particles cannot be created in
an empty universe without initial matter. On the other
hand, the semiclassical analysis leads to the result that
a time-dependent empty (Milne) universe does lead to
particle creation [5]. Therefore, the Milne universe is an-
other example in which the semiclassical particle creation
is completely blocked up in a fully quantum treatment.
Finally, let us consider particle creation by de Sitter
universe. At the semiclassical level this effect is very
similar to Hawking radiation because in both cases it
is the existence of the horizon that is responsible for it.
Nevertheless, the energy source is very different from that
in the case of Hawking radiation. In the de Sitter case,
the source is described by a bulk energy-momentum that
has a cosmological-constant form
T bulkµν = λgµν . (18)
Consequently, (17) implies
∂νλ 6= 0. (19)
In other words, particle creation by de Sitter universe
is only possible if the cosmological “constant” is not a
true constant, but can decay. Thus, particle creation by
de Sitter universe with a true cosmological constant is
our final example of semiclassical particle creation com-
pletely blocked up in a fully quantum treatment. Never-
theless, it does not mean that the universe with a realistic
cosmological “constant” does not produce particles, be-
cause there are many dynamical models of dark energy in
which λ is a dynamical quantity. In fact, a recent result
based on linearized quantum gravity [14] indicates that a
non-dynamical bare cosmological constant does not con-
tribute to the observed cosmological “constant” at all.
To conclude, we have seen that the semiclassical de-
scription of particle creation can be trusted only if the
number of source states with given energy does not sig-
nificantly depend on energy. Otherwise, the semiclas-
sical approximation should be replaced by an improved
semiclassical approximation (14). When the source does
not contain a state with an energy lower than the initial
4one, then the semiclassical particle creation is completely
blocked up. The examples are a stable charged particle
that blocks up the Schwinger effect, the expanding empty
(Milne) universe that blocks up particle creation caused
by the time dependence of the metric, and de Sitter uni-
verse with a true cosmological constant that blocks up
particle creation caused by the existence of a horizon.
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